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Abstract

Carbon nanotubes (CNTs), a dependable allotrope of carbon, are foreseen to lead technol-
ogy further to its reach. Also, the most researched carbon allotrope in its form. Drawable
CNTs have recently unraveled numerous possible applications utilizing vertically
aligned CNTs also termed as “CNT forest.” In recent years, the rapid growth of dense and
long carbon nanotube arrays has succeeded in surpassing its challenges by synthesizing
dense and long CNT arrays. Length, density, and drawability tuning in the synthesis of
CNT arrays have always been a complex issue lately. However, numerous research tech-
niques emerged focusing on length and density control. Hence, this book chapter aids in
unveiling the current achievements in the growth of dense and long CNT arrays and their
application in spinning threads or CNT yarns with numerous other possible applications.

Keywords: CNTs, rapid growth, CNT yarns, dry spinning, vertically aligned CNTs

1. Introduction

Carbon nanotubes (CNTs) have not yet been into its full-fledged practical applications. However,
it is prophesied to acquire the industrial and commercial market soon confidently. CNT arrays
aka vertically aligned CNTs (VACNTs) itself are broad areas of research apart from its origina-
tor CNT. As one can expect the complexity to grow long continuous CNTs [1, 2], scientists and
researchers have derived out a brilliantly new idea of CNT yarn. The idea of aligning carbon
nanotubes into arrays was perceived in 1994 by Ajayan et al. [3] by cutting thin slices of the
nanotube-polymer composite, which followed by the idea of aligned phases in applications like
aligned liquid crystals [4], carbon fiber-reinforced polymer [5], and so on. Soon in 1995, Heer
et al. produced CNT films from aligned CNT [6]. Later, in 1996 large-scale synthesis of aligned
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carbon nanotubes was reported by Li et al. [7] with chemical vapor deposition (CVD) growth
of CNTs using iron nanoparticles catalyzed mesoporous silica, which extended the research on
aligned carbon nanotubes. The urge to produce long CNTs gave rise to CNT yarns, and there-
fore CNT yarns were introduced as a substitute to long CNTs. On the other hand, CNT films
from aligned CNT have also gained attention and encouraged research in those directions.

The understanding of the VACNTs and their growth parameters is a cumbersome issue, as too
many factors are interlinked to each other making it a slightly challenging and complicated
discussion. Nevertheless, for the easy understanding, we have mentioned subheadings in this
chapter discussing each issue detailing all factors as deeply as possible to attain the VACNT
growth and application in the spinning thread.

CNT forest aka aligned carbon nanotubes (ACNTs) or vertically aligned CNT (VACNT) arrays
have been disabling its limitations as aggressive research is going on worldwide. Many prac-
tical applications have been demonstrated using CNT forest. CNT array research has grown
widely in all directions. Not long ago, the research on CNT arrays has peaked, and relatively
high number of research reports has published lately. Pushing the limit and experimenting
with all possible applications.

The pathway to CNT yarns can be realized by the chart shown in Figure 1.
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Figure 1. Showing all the parameters of CNT in application to CNT yarn and the factors for this growth.

2. Growth of CNT arrays/VACNTSs

Before proceeding to the segment of dealing with the properties and modification of VACNTSs,
their various applications and research background and potential applications as CNT yarns
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and sheets. The growth mechanism and types should be apparently introduced to give a
bright idea about all the necessary factors employed in growing the VACNTs.

Many experiments performed by numerous research groups worldwide are taken into con-
sideration in briefing all the possibilities of growth and application of CNT array and CNT
yarns/films derived from them. After seeing the background of the research and how CNT
array research has been disabling its limitations and improvising every year, the potential
applications of CNT arrays can be estimated.

The methods that can grow CNTs or specifically VACNTs are discussed below.

2.1. Chemical vapor deposition (CVD)

Chemical vapor deposition is the most practiced and renowned method for growing CNT
arrays. The initial steps include substrate preparation for the growth of CNT arrays, and the
most common substrate used is silicon with several tens to few hundred nanometres thick
layer of AL O, or SiO,. To this substrate, a metal catalyst is deposited such as ferrocene which
deposits Fe nanoparticles of few tens of nanometers. In a quartz tube, the Fe-coated substrate
is placed. Then, this setup is put into a furnace, with one end of the quartz tube fed with
reactive mixture gases (carbon precursor gas and carrier gas) and the other end to a vacuum
pump. The quartz tube is then pressurized to certain total pressure say 200 Torr, and gases
flow rates of 380 sccm for carbon precursor (C,H,) and carrier gas flow rate at 190 sccm. The
temperature in the furnace increased to 650 °C which allows the catalyst to decompose the
carbon and grow into CNT array. The reaction time and the flow rate decide the lengths of
the CNT arrays [60]. CVD technique has further progressed into water-assisted CVD, where
the reaction gas mixture and water vapor are combined. This method yielded in producing
long and aligned CNT arrays [8, 9].

2.2. Floating catalyst chemical vapor deposition (FCCVD)

Floating catalyst chemical vapor deposition (FCCVD) method is also carried out in a quartz
tube reactor and all other parameters being alike with CVD. The difference is avoiding
metal catalyst deposition onto the substrate used for CNT growth. Instead, it the metal
catalyst is passed into the quartz tube along with the reaction mixture gas. Hence, the
name is derived as floating catalyst CVD, considering an example for the growth of CNT
arrays. Ferrocene is injected into the reactor along with ethanol and thiophene at a rate
of 0.15 ml min™, and the Ar-H, gas mixture is fed as a carrier gas at 4000 sccm with the
temperature being 1300 °C [10]. FCCV methods avoid the deposition of the catalyst layer
onto the substrate reducing one step of processing of CNT arrays. In another experiment, a
comparatively low temperature of 800 °C was used to grow a 500 um height of CNT array.
Ferrocene was dissolved in xylene and fed to a horizontal furnace containing quartz tube
with the substrate [11].

Thus, it leaves us with the idea about all the parameters involved in growing a CNT array by
CVD technique as listed below:

13
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Now, a careful observation to make is that the parameters mentioned above are variable.
Hence, it opens a broad range of experimental possibilities to grow CNT arrays.

3. Drawing of yarns and sheets

There are two methods employed commonly to spin or to draw the CNTs or CNT arrays into
CNT yarn and CNT sheets/films.

3.1. Wet process

In a broad sense, wet process method to draw CNT yarns/fibers/threads does not have a direct
comparison with dry-drawing method. It is naturally due to the dissimilarities between wet
and dry processes. Though technically both process yield CNT yarns as the final product, the
initial process is vastly different. The wet chemical process uses CNTs, whereas dry process uses
VACNT. However, considering the end product’s perspective, both methods can be compared.

In the wet process, CNTs are dispersed in a dispersant (acid), and then the CNTs are pumped
out through a nozzle via coagulant, which aligns the CNTs into yarns/fibers. Chlorosulfonic
acid is one such superacid allowing the CNTs to dissolve [12].

3.2. Dry process

Spinning CNT yarns or drawing CNT sheets from CNT arrays is among the two-step dry
methods the most widely used. The synthesis mentioned above CNT forests is the first step.
In the second phase of fabricating yarns or sheets, a cluster or bundle of CNT is pulled out
of the assembly. The following nanotubes get attached through interconnected bundles at
the top and bottom of the previous CNTs, thus forming a network of axially aligned CNTs.
Kuznetsov et al. [13] show that the interconnection density is a key parameter for the ability
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of an MWNT forest to be drily drawable into sheets and yarns. After drawing out the CNT
network from the forest in most of the cases to forming yarns, the network is twisted [14-16].
It leads to a rapid densification and increases the mechanical strength considerably. Some
research groups apply additional liquid agents instead of twisting [17]. These agents help to
densify the yarns leading to a functionalized surface of the yarns [18]. With this additional
treatment, mechanical strength is further increased. Additional investigations were done in
the direction of heating the yarns while spinning and using multiple arrays at once to form
yarns [19] as shown in Figure 2.

The comparison of wet process and dry process is mentioned in Table 1.

The understanding of aligned carbon nanotubes and its possible applications as yarns and
films can be divided into the following segments.

A
oy S

s

Figure 2. Showing a typical CNT forest observed under scanning electron microscopy produced by our group.

Wet process Dry process
Binder Required Not required
Residual catalyst particle Can sometimes be found No particle (bottom growth)
CNT dispersion Required Not required
NT length Uses very short CNTs Uses long and aligned CNTs
Simplicity in process Complicated Very simple

Table 1. The comparison between wet and dry processes of CNT yarn spinning.

4. Factors influencing drawing/spinning of CNT yarns and CNT films

4.1. Long and dense growth of Vertically Aligned/Super aligned CNTs (VACNT/SACNT)
4.2. Drawing of CNT Yarns/fibers using ACNTs
4.3. Drawing of CNT sheets/films using ACNTs
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4.1. Long and dense growth of aligned/super-aligned CNTs

Some of the core challenges relating to CNT array’s growth are:
4.1.1. Long heights of the CNT

4.1.2. Area of the substrate

4.1.3. Density of the CNTs per unit area

4.1.4. Degree of alignment of the CNTs

Other parameters concerning growth of VACNTs

4.1.5. Directing number of walls and diameter of the CNT array
4.1.6. Directing the chirality of the CNT in the array

4.1.7. Directing purity and catalyst

4.1.1. Long heights/lengths of CNT forest

Growing CNTs vertically in a long length is a critical challenge in the CNT array growth.
Achieving long CNT forest can result in higher lengths of CNT yarns or films per unit area.
In the application’s point of view, obtaining drawable CNT forest is the real challenge. Many
researchers have reported many possible lengths of drawable CNT forests. Hence, the follow-
ing discussion is the current possible maximum drawable CNT forest heights which give an
insight in the initial heights obtained for CNT forests. Few examples are briefed below for
taming the inkling of the process for lengthy heights of CNT forest.

The record for the large height of VACNT array was reported in 2014 by Cho et al. [20], with
a height of 21.7 mm, and not tested for drawability. Its water-assisted thermal CVD process
produced such long VACNTs, and most of the CNTs were double walled. The growth rate
was calculated to be 27.47 um min™".

Another report stated that 4.7-mm-long CNT arrays were grown with high efficiency and
long-life catalyst film using ALO, and Fe as buffer layer and catalyst. The VACNTs were
spinnable [21]. Similarly, in another event, 4-mm high-quality CNT array was grown with-
out water assistance and showed that the catalyst lifetime lasted for 3 h [22] as illustrated in
Figure 3.

In a recent report, aligned spinnable CNTs of heights 400 um were synthesized by Alvarez
et al. [23]; Fe and Co are used as the catalyst sources with 1.2 nm thin film. About 5 nm
AlLO,-layered Si wafer was used to accommodate the Fe and Co catalyst. The substrate was
annealed at 400 °C under Ar gas flow; then, the temperature was increased to 700 °C, and
ethylene was fed at 300 sccm with 1000 sccm of Ar for 20 min. In another report of drawable
VAMWCNT, the height of was 2.0 mm (2000 pm) grown in 16 min that account for 0.1 mm
min™ by Inoue et al. [24]. It was synthesized by conventional CVD system with iron chloride
(FeCl,) as catalyst and acetylene as a carbon source. The same group has previously reported
drawable VAMWCNT array measuring a height of 2.1 mm with same precursor material, but
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Figure 3. Depicting the lengths of VACNTs grown with growth time of 3 h, 2 h, 1 h 30 min 10 min (reprint from Ref. [22]
with permission).

the process time was 20 min [25]. The method does not include pre-deposition of the catalyst
layer. Instead, it uses iron chloride powder and acetylene gas because iron chloride has a high
dehydrogenation activity on acetylene. They termed the process as chlorine-mediated chemi-
cal vapor deposition (CM-CVD).

In 1999, Shoushan et al. [26] have achieved 30-240 pm heights of MWCNT-VACNT grown
by CVD reaction times of 5-60 min. The condition for growth is electrochemical etching of
porous silicon of 2 in diameter, patterning with 5-nm-thick layer of Fe by electron beam evap-
oration with a shadow mask. The substrate was placed in the quartz tube reactor housed in a
tube furnace. The operating temperature was 700 °C with Ar flow; ethylene was then flown at
1000 sccm for 15-60 min. The diameters of the MWCNT-VACNT were found to be 16 + 2 nm.
Ren et al. [27] have grown 0.1-50 um heights of VACNTSs using plasma-enhanced chemical
vapor deposition (PECVD).

Lee et al. measured the possibility in factor determining the upper limit to the height of spin-
nable carbon nanotube forests [28]. By synthesizing CNT forests at different growth times
such as 3, 6, 9, 12, 15, and 60 min. The heights were found to be 260 um for 3 min growth
time and 1.7 mm height for 60 mm growth time. An important observation was made, as the
growth time increased the degree of alignment decreased. It was verified by Raman analysis
as it showed G and D bands intensity ratios different at top and bottom.

Hence a clear observation can be made by all the reports is that the process time with a certain
flow rate of the precursor yields in governing the lengths of VACNT. Also, these parameters
have a grave effect on the degree of alignment of the VACNTs.

4.1.2. Large area growth of VACNT

It can be understood that the first challenge which lies in the geometry for VACNTs has a large
area with long and densely aligned CNTs arrays. For large scale growth of CNT on a large area
array, many researcher groups have been experimenting with it since a decade. CNT array
growth area on large wafers has attained a growth area of 8-inch (18 cm) by Chen et al. [29]

17
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in 2010, and the super-aligned CNT film (SACNT) was free-standing, ultra-thin, lightweight
transparent and conductive. The height of the SACNT array was 250 um, and transmittance
was measured up to 83%. This high area SACNT can be employed in many advanced applica-
tions such as transparent conducting films by replacing conventional indium tin oxide (ITO).

Previously, Zhang et al. [30], have grown SACNT on a 4-inch diameter wafer, using low-pres-
sure CVD (LP-CVD) system. To guarantee the uniformity LP-CVD system was suggested.
Also, SWCNT arrays were grown using water-assisted CVD method on a 100 mm (3.9 inches)
substrate [9].

4.1.3. Dense CNT forest (yarns/films)

Similar to the height of the CNTs in the CNT array, CNTs density is also a key factor classify-
ing the application of the grown CNT array. The density depends on two factors mainly the
thickness of the CNTs in the array and number of walls of the CNTs in the array and to some
extent on the degree of the alignment of the CNTs in the array.

Many researcher groups have succeeded to obtain persistent densities in the past decade; one
such report attained a density of 22 SWNTs in 1 x 0.75 um [31]. Nevertheless, the drawability
was not determined this VACNT. Furthermore, SWCNT array is grown by a water-assisted
report a high density of 6.4 x 10" cm™. High-density growth was possible due to the petite
catalyst size of 0.5 nm [9].

In a recent report, density of CNT arrays in CNT films was improved by eliminating the pores
and gaps in the thin film resulting in density improvement by 109% [32], which also, in turn,
improved the mechanical strength of 765 + 15 and 184 + 58 MPa and electrical conductivity
to (1.65 +0.15) x 10° and (1.04 + 0.10) x 10° S m™". The pores and gaps were eliminated by syn-
thesizing continuous CNT aerogel by FCCVD method. With precursor containing ethanol as
the carbon source with ferrocene, thiophene, and deionized water carrier gas was a mixture
of H, and Ar which was fed to the furnace at 1200-1300 °C. Sock-like aerogel was formed by
millions of CNTs which was densified by spraying ethanol. After that the film was passed
through smooth plates at 100 N pressure, which further densified the film, again the film was
rolled by two oppositely rolling rollers to improve the packing density.

As noticed, two approaches can be established to obtain dense CNT arrays, that is, by grow-
ing dense CNT arrays in the initial process, or densifying the CNT yarns after drawing/spin-
ning (post-treatment) of CNT arrays.

4.1.4. Alignment of carbon nanotubes

Ordinary CNT array and super-aligned CNT array are presently known classifications of
CNT arrays concerning the degree of alignment of CNTs.

The degree of alignment is a deciding factor for the successful drawing of the CNT yarn or
CNT films. The degree of alignment is a subject depending upon the van der Waals forces
between two consecutive CNTs in the array. Hence van der Waals forces are responsible for
holding the successive CNTs together. These, van der Waals forces are dependent on the
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surface property of the CNTs. Therefore, the surface purity of the CNTs is crucial for the
drawability of the CNT array.

High alignment: floating catalyst; chemical vapor deposition method, is a reliable method
to synthesize highly aligned CNT sheets, as the fabrication process is easy and low cost [10].

Other growth governing parameters are:

Directing number of walls and diameter of the CNT array.
Directing the chirality of the CNT in the array.

Directing purity and catalyst.

As mentioned above the many factors govern the growth and alignment of VACNT in such
regard it involves parameters like a catalyst, the thickness of the catalyst nanoparticles thin
film, precursor, growth method, carrier gas, flow rate, time of the process, initialization and
termination of VACNT growth process, and substrates of growth.

4.1.5. Directing number of walls and diameter of the CNT array

Principally, anumber of walls and diameter control is a significant research alongside VACNTs,
and numerous fruitful and reproducible synthesis parameters have been established.

Controlling the catalyst size by sulfur is a recent report which claimed that the controlling
of particle size by influencing the catalyst size by sulfur. The injecting time and temperature
of sulfur resulted in controlling the majority of the CNTs walls to SWCNT, DWCNT, and
MWCNT [33]. In another event, water-assisted growth CNT arrays yielded in SWCNTs with
a uniform diameter. The mechanism behind the uniformity was prophesied as water con-
tributes to uniform catalyst distribution. Hence high-density uniform SWCNT arrays were
obtained [9]. By using FCCVD method DWCNTs were achieved by coating a monolayer of the
organic polymer during the process of CVD [34]. An example is shown in Figure 4.

Buffer layer influence on catalyst morphology and spinnability of VACNT.

The spinnability of VACNT depends on buffer layer thickness such as Al O, of a narrow win-
dow. Also, the buffer layer thickness regulates size and distribution of catalyst particles. In
an ideal circumstance, uniformly distributed, dense and small-sized catalyst nanoparticles
yield the excellent product. Al,O, was thermally grown followed by Fe layer, and VACNT was
grown, and spinnability was tested at different thicknesses keeping one constant at a time. It
was found that at a low thickness of Fe like <0.8 nm VACNTs grown are short. However, for
1 nm Fe layer the VACNT averaged to 0.7 um and the thickness of 1-1.2 nm resulted in highly
spinnable VACNTs. Moreover, it was found that Al,O, layer is beneficial for the spinnability
of VACNTs [35].

4.1.6. Directing the chirality of the CNT in the array

As it is quite familiar that CNTs can be classified into three types of chirality, that is, arm-
chair, chiral, and zigzag, depending on the specific discrete angle rolling of the graphene. Not

19
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Figure 4. Showing the growth of CNTs at various temperatures (reprinted from Ref. [33] with permission).

considerable research has driven researchers in atomic level structural control for directing
the chirality of the CNT in the array.

4.1.7. Directing the purity and catalyst

The most commonly used catalyst for synthesizing ACNTs is ferrocene; the catalyst plays
a crucial role in guiding the number of walls, size, and layers of CNTs in the ACNTs. This
catalyst can also be a cause for impurity as there is a possibility of the catalyst embeds into
the CNTs while growing. Mostly the concentration of catalyst particle depends on the type of
synthesis. If the synthesis is CVD method, the impurity is relatively less than that of FCCVD
method.

4.2. Drawing of CNT yarns and fibers using VACNTs

It is challenging to grow long CNTs which lead to a spinning method to obtain long CNT
spinning threads. A typical CNT yarn drawing is shown in Figure 5.

The model anticipated for drawing of VACNTs into yarns is realized by Zhang et al. [30]. It is
recorded that pulling of yarns while observing under scanning electron microscope and opti-
cal microscope revealed that super-aligned CNTs (SACNTs) hold strong van der Waal forces
which keep the CNTs aligned. Also, the SACNTs bundles are joined end to end resulting in
a continuous yarn, which was not for the case of normally aligned CNTs. Hence SACNTs
possess van der Waals forces which can be used to spinning CNT yarn. It was also stated that
the difference between normally aligned CNTs and SACNTs was that the SACNTs had very
clean surfaces.

An optimum condition for the growth and direct drawing of, number of walls controlled
VACNTs was performed by design of experiment method. All factors responsible for the
direct spinning process such as regulating the flow rates of carbon source, catalyst source,
sulfur, water, hydrogen, and reaction temperature were evaluated [36].
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Figure 5. A simple dry drawing of CNT forest into yarns by twisting.

CNT yarn drawing speed and spinning rates.

Apart from the challenges mentioned above in growing VACNTs, regarding industrial appli-
cation and mass production of CNTs, drawing speed and spinning rates play a prominent
role.

Alvarez et al. developed a dry spinning process which has improved drawing rates at about
15.93 m s [23]. Improved drawing rates were achieved by using spinnable CNT arrays which
get entirely separated from the growth substrate and the growing nanoparticle. Due to the
nature of separating from the growth substrate, the CNT threads have higher diameter uni-
formity. The substrates can be reused for CNT forest growth as the CNT is wholly detached
from the substrate and the nanoparticle. It was also possible to produce long CNT fibers by
joining CNT ribbons from different batches. A typical 8-inch diameter substrate can spin
316 m length of CNT yarn [37].

4.3. Drawing of CNT sheets/films using ACNTs

Like the drawing of CNT yarns, CNT sheets can be drawn using ACNTs produced by CVD
process or rolled out from when produced by FCCVD process, or to deposit on to a surface
while synthesizing CNTs. The CNT sheet drawing process is slightly different from CNT yarn.
In a recent report CNTs synthesized by FCCVD method could deposit on an ethanol pre-wet-
ted paper [38]. Xu et al. reported continuous production of CNT cylinder film. Moreover, the
film had the strength of 9.6 GPa. FCCVD method was used to synthesize continuous produc-
tion of CNT cylinder which was rolled onto a roller with densifying by ethanol [39].

5. Properties of CNT yarns and CNT films

5.1. Electrical properties

Electrical properties of CNT yarns can be stated as the most important property of CNT yarns,
as the CNT yarns are highly suitable for electrical and electronic applications. Many research-
ers suggest numerous methods to improve the conductivity of the CNT yarns. Ideally,
yarns drawn from metallic SWCNT would constitute for maximum electrical conductivity.
However, the growth of metallic SWCNT is a great challenge. The electrical conductivity of
CNT yarns is dependent on the intertube spacing, purity, and as mentioned before chirality
of the CNT. Therefore, densification, eliminating impurities, and controlling chirality are a
possible technique to improve the electrical conductivity.
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For CNT yarns spun from DWCNT with diameters of 5-20 um, the electrical conductivity
and maximum current carrying, the capability was calculated to be 5.9 x 10° Sm™ and 1 x 10°
A cm™ [40] by high current-induced thermal burnout analysis in the air. Doping is also a pos-
sible approach to improve the electrical conductivity of CNT yarns, in such an event iodine
doped CNT cables have resulted in specific conductivity greater than that of metals [41]. With
an electrical resistivity of 107 ohm, for DWCNT drew cables.

Improving the electrical conductivity methods include mechanical condensation and acid
treatment of CNT yarns, which increased the conductivity of the CNT yarns by nine times
[42]. Which leads to a maximum current density of 66,000 A cm™. It was also observed that
mechanical condensation reduced resistance only a few ohms but increased the electrical con-
ductivity by four times. Further acid (HNO,) treatment drastically reduced resistance by 50%
and improving the conductivity. Acid treatment helps in eliminating amorphous carbon and
catalyst particle on the surface of the CNTs hence improving the conductivity. Metal deposi-
tion on CNT yarn has also been produced by depositing Cu and Au, on CNT yarns by electro-
less deposition, the metal-doped CNT yarns had metal like conductivities but the strength
reduced by 30-50% [43].

5.2. Mechanical properties

The mechanical strength of CNT yarn relies upon all the major components of CNT yarn
synthesis. Mechanical strength also varies with the length of the CNT yarn. Hence comparing
all the reports about mechanical strength with constant length is a difficult issue. Researchers
mostly pick the most suitable lengths to determine the mechanical properties and many meth-
ods to improve the mechanical strength. Hence it takes the sharp eye in concluding the best-
obtained result till date, however, it is very beneficial to know all the approaches taken in
improving the mechanical strength.

Oxygen plasma-treated CNT yarn improved the tensile strength and Young’s moduli to 2.2
GPa and 200 GPa, respectively [44]. Crosslinking technique is a new technology established in
CNT yarns and found to improve the strength from 0.2 to 1.4 GPa [45]. Shrinking effect caused
by passing freshly produced CNT yarn into volatile solvents (water, ethanol, and acetone)
has found to increase the tensile strength to 1 GPa, in which acetone is resulting in the best
tensile strength [46]. Small-molecule functionalized with electron beam irradiation improved
the tensile strength by 25% upon functionalization, and a total increase of 88% tensile strength
was observed when irradiated with the electron beam after functionalization [47]. In a report,
recently it was found that mechanical strength of CNT yarns can improve by acid treatment
followed by epoxy treatment [48]. Moreover, a maximum stiffness of 62.0 GPa was recorded.
Also, CNT films have strengths up to 9.6 GPa produced by FCCVD method [39].

5.3. Other properties

Apart from the mechanical and electrical properties of VACNT, thermal properties of
VACNTs has also been a locus point in determining the underlying properties of VACNTs.
In a study, thermal transfer speed in highly aligned CNTs was investigated to determine
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the thermal damping mechanism in SACNT Bucky papers. It is found that the heat trans-
fer speed is different for different densities of SACNT Bucky papers. It was about 562.2 6
55.4 mm? s for parallel SACNT Bucky papers [49]. Concerning with the electrochemical
property of SACNTs a surface oxidized by H,O, and HNO, to CNT film was observed to
have a high cycle performance rate of 364 and 391 mA h g [50]. FCCVD grown CNTA
electrode in an organic electrolyte had a specific capacitance of 24.5 Fg™! higher than that of
aqueous electrolyte [11].

6. Applications

6.1. CNT fiber/yarn/thread

Replacing electrical wires with CNT yarns is the primary application of CNT yarns, in such an
attempt insulation of CNT yarns, was made to replace existing copper wiring [51].

CNT fibre microelectrodes as dopamine sensor [52], as special oxygen-containing functional
groups, were observed on the surface of carbon.

Weavable non-volatile memory devices by carbon fibers [53] using MWCNT fibers for an
electrode with graphene oxide as the active material. In which MWCNT array is wound
over a glass rod and densifying with ethanol and coating with graphene oxide of 10-20 nm.
MWCNT and graphene oxide are joined non-covalently. With further processing, it works as
a fiber based memory cell which exhibits write once and read many times type memory effect.

Pure 3D CNT aerogels were produced by the spontaneous expansion of SACNT films, the
expansion of SACNT films was formed by soaking in a mixture of H,SO, and H,O,. This soak-
ing resulted in producing aerogels with a tremendously low apparent density of 0.12 mg cm™
and a porosity of 99.95% [54], which leads to applications such as energy storage, catalysis as
they show high adsorption abilities.

Water transport phenomena through VADWCNT array was reported by Matsumoto et al.
[55]. By Parylene-C coating one side of the VADWCNT array and then peeling off the other
end of VADWCNT array from the Si substrate. Finally, the Parylene-C was finely milled to
expose the CNT array which was a flexible and durable membrane. Then it was used to be
tested for water transport by dead-end filtration apparatus.

Wire-shaped micro-supercapacitors with aligned titania wire were wounded by CNT yarn
[56]. Field emission applications [26, 57]. By functionalizing walls by H,O, and HNO, treat-
ment and increasing the cycle rate performance, CNT yarns can be used as electrodes for
Li-ion batteries [50]. Neurotransmitter dynamic detection by CNT yarn electrodes [58].

6.2. Applications of CNT films/sheets

Platinum-coated CNT films were demonstrated to have used in fuel cells and solar cells [38].
CNT sheets are produced by SWCNTs as electrochemical actuators [59].
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